Crossover in the Structure Between Bloch and Linear Domain Walls 
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Near the Curie temperature of a ferromagnet the form of a domain wall changes from the Bloch 
type to (asymptotically) the linear Zhirnov wall. Unlike the simple 180° rotation of the magnetiza- 
tion vector in a Bloch wall, its absolute value diminishes near the center of the wall. This leads to a 
decrease of the total transverse component of the exchange field inside the wall and to an increase of 
mistracking of the spins of the electrons traversing the wall. This mechanism may help explain large 
magnetoresistance of domain walls in thin nanowires, as the Curie temperatures of low-dimensional 
nanostructures are known to be lower than in bulk ferromagnets while the anisotropy energy stays 
virtually unchanged. 



Strong current interest in magnetoresistance of domain 
walls in metallic ferromagnets is motivated by possible 
applications in magnetoelectronics. But at the moment 
there remains difficulty in reconciling experimental and 
theoretical results. Different experimental groups re- 
ported both positive and negative contribution of a single 
wall to resistance (see, e.g., the review in The theory 
of "mistracking" of the electron spin, e.g. the inability of 
its precession to track the changing local exchange field as 
the electron traverses the wall, could explain la| a small 
2%) increase of the wall resistance jj]. However, vari- 
ous other contributions to resistance of the same order of 
magnitude that are either negative 0| or can have both 
signs 0, were proposed, that could instead lead to a de- 
crease in the domain wall resistance 0,0] ■ We want to 
show below that the controversy of the experimental re- 
sults may be resolved in terms of the wall structure in 
different experiments. 

Magnetoresistance of domain walls in Ni nanocontacts 
was found to be very large The theory 0| showed 

that geometrically constrained domain walls in atomic 
point contacts become much sharper than in the bulk 
or thin films, with the width on the scale of the size 
of the constriction, thus enhancing the mistracking and, 
consequently, the resistance. 

A very large increase (100%-600%) in the resistivity of 
domain walls was also observed in 35 nm Co nanowires 
The authors suggested that the mechanism behind 
this raise may be similar to the giant magnetoresistance 
in current perpendicular to the plane geometry (GMR- 
CPP). I.e., the mistracking of the passing electrons causes 
spin accumulation at the domain walls which extends on 
the scale of the spin diffusion length much larger than the 
domain wall width and gives rise to the large resistance. 
In a theoretical study it was found that spin accu- 
mulation on Bloch domain walls is insufficient to give rise 
to large magnetoresistance, and was suggested that the 
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domain wall may be of Zhirnov linear type [l^ . 

In a linear domain wall magnetization remains along 
the easy axis and is inverted by diminishing the absolute 
value and passing through zero. The absence of a trans- 
verse component of the exchange field in a linear wall 
eliminates the torque rotating the spin of the traversing 
electron, and maximizes the mistracking. A linear wall 
is energetically more favorable than the Bloch one in the 
bulk of a ferromagnet when the magnetic energy becomes 
weaker than the anisotropy, e.g. near the Curie temper- 
ature in bulk ferromagnets as in Zhirnov's original paper 
[l^ . Since the Curie temperature of thin films and wires 
is known to be considerably lower than those of bulk fer- 
romagnets, magnetic energy can become comparable to 
or even less than the anisotropy in thin nanowires. 

In this paper we describe the transition between Bloch 
and linear domain walls with the relative change of the 
coefficients of magnetic energy and anisotropy in the Lan- 
dau functional. We show that the magnetization always 
rotates in a transition layer of the Bloch wall width, but 
its absolute value could change. If the magnetic energy is 
comparable to or less than the anisotropy, another scale, 
the Zhirnov linear wall width, greater than the Bloch 
wall width, appears in the problem. The absolute value 
of magnetization then diminishes from the values in the 
domains toward the region where the inversion occurs on 
the scale of Zhirnov linear wall width. So the transverse 
component of the average magnetic moment in the wall 
diminishes, which leads to increased electron spin mis- 
tracking and higher wall resistance. 

Quite generally, equilibrium magnetic domain struc- 
ture is determined from the minimum of the total energy 
of a ferromagnet below the Curie temperature includ- 
ing exchange, anisotropy, magnetostatic (stray, or dipole- 
dipole) and magnetoelastic energies. In the simplest case 
of uniaxial crystals average magnetic moment along the 
anisotropy axis (easy-axis) z is oriented oppositely in the 
neighboring domains. This case corresponds to a positive 
anisotropy coefficient k > in the Landau expansion of 
the density of ferromagnetic free energy: 
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Here Mj^ = M — M^z is the in-plane component of the 
average magnetic moment M. For positive k the mini- 
mums ^const — l^l-^s /2 of GJ among the spatially 
uniform solutions are reached when 



M = ±AL: 



with Aff = \A\/2B 



(2) 



(in a ferromagnetic state A < 0). 

Consider a transition layer (a domain wall) between 
two regions with uniform equilibrium magnetization ^ 
in the bulk of a ferromagnet. In this case M is varying 
only in the direction 1 perpendicular to the plane of the 
wall. If we introduce the normalized magnetization m — 
M/Ms and the polar coordinates {0, ip) of M with respect 
to z, free energy Q is rewritten as 



T = 



+f3{rri 



const I 2 
2 , 



iA/2[|A|(l-m2)2 

2^2) + (k + (3^^)m^ sin^ 6] , (3) 



where a dot over a symbol implies a derivative over I. An 
equilibrium wall structure m{l), 0{l), and (p{l) has to be 
found from this functional variationally. 

The Euler-Lagrange equation 6T/S(p = gives </? = 0, 
hence (p = const. A minimum of T is obtained when 
(fi = 0, i.e., the magnetization stays in a plane, which we 
will choose to be the xz-plane, so that (p = 0. 

Equation 5T/59 = gives (iO = k sin 6* cos 6'. Its first 
integral 



/ = pe"^ - K sin^ 9 = const 



(4) 



vanishes in the domains at ±oo, therefore / = 0. Whence 
we find that the solution with boundary conditions 
cos0(±cx)) = ±1 and the center of the wall at the ori- 
gin is 01 



cos9 = tanh(^/wBi)- 



(5) 



The spatial scale wbi = \fWf^ is the width of the Bloch 
wall. It is determined by a competition between the inho- 
mogeneous exchange interaction which tends to increase 
Wbi and of the magnetic anisotropy which decreases uibi- 
The direction of magnetization rotates from to tt on 
the scale of wbi- 

We still have to find the normalized absolute value m 
of the magnetization from 5J^ /5m = 0: 



(3m = m{(39'^ + kbit? t 
Substituting ^ we arrive at 



f3m — 2m 



2\A\m{l-m'^). (6) 



cosh {l/wBl) 



1^1(1 -m^) 



(7) 



The variation of m is determined by a competition of the 
two terms. The first is the anisotropy which acts only 
in the region I ^ wbi near the center of the wall, where 
magnetization deviates from the easy axis. The second 
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Figure 1: The variation of the absolute value of magnetization 
through domain walls in a bulk ferromagnetic. The parameter 
wzh/wBi is 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 5, 10, and 20 for 
the curves from top to bottom. 



term comes from the change in the absolute value of the 
magnetization. It acts on a scale of the width of Zhirnov 
wall wzh = v/VPT which may be smaller or greater than 
WB\ depending on the parameter \A\/k which gives the 
relative strength of the magnetic energy and anisotropy. 

Deep below the Curie temperature one can neglect the 
variation of the absolute value of the magnetization to. In 
this case the solution, calculated by Landau and Lifshitz 
[r3 |. is the Bloch wall in which m remains constant and 
the angle 9 inverts on the scale of wbi- Indeed, when 
1^1 » K, the first term in Q may be neglected and the 
equation 



= -2|yl|TO(l - TO^) 



(8) 



has only the trivial solution to = 1 satisfying the bound- 
ary conditions m{±oo) = 1. 

Zhirnov 0| considered the domain wall structure near 
the Curie temperature, when A = a{T — Tc) is smaller 
than the anisotropy, and it becomes energetically more 
favorable to diminish to rather than to tilt magnetization 
from the easy axis. Zhirnov Hnear wall is most easily ob- 
tained if we omit the first term in altogether and allow 
TO to change sign. To pass to the Hmit of Zhirnov wall 
in the solution of 10 with the chosen parametrization 
of M, although possible, is not straightforward, and we 
postpone the discussion of this academic problem until 
the end of the paper. 

For arbitrary ratios k/\A\ the solution for the abso- 
lute value of magnetization can only be obtained numer- 
ically. The curves m{l) for several values of the parameter 
wzh/wBi — v^/MT are plotted in Fig. The increase 
in the relative value of the anisotropy k/\A\ describes the 
transition from the Bloch to linear wall. 

We see that for small wzh/wBi, when the anisotropy is 
relatively weak, the first term in 10 only causes a small 
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Figure 2: Normalized absolute value of magnetization at the 
center of the wall m{l = 0) (solid line), the flux width wf iO 
of the wall (dashed line), and the inverse half- width of the wall 
(dash-dotted line) as functions of the parameter lOzh/^Bi = 

indentation in m in the region I ^ wbi near the wall 
center where the magnetization inverts its direction. A 
measure of the depth of this indentation is the absolute 
value of the magnetization in the center of the wall m(l = 
0), which is always < 1 for finite anisotropy 

As wzh approaches wb\, m{l = 0) goes down. Nev- 
ertheless, the width of the indentation remains almost 
constant and equal to wb\- At approximately the point 
when wzh/wBi ~ 2 3 the second term in takes over 
the variation of m. From this point on, the width of 
the indentation grows approximately linearly with wzh 
and m[l — 0) continues to fall slowly, approaching zero 
asymptotically as the wall goes to a pure Hnear limit 
K > \A\. 

Quantitatively, this transition is illustrated in Fig. 12 
where the absolute value of the magnetization at the cen- 
ter of the wall m{l = 0) (soHd line) and the inverse half- 
width of the indentation (dash-dotted fine) are plotted 

vs. Wzh/WBI- 

There are clearly two spatial scales in the problem: 
angle 9 is inverted in a layer of the width wbi; also, if 
wzh > Wbi, the absolute value of magnetization changes 
with the characteristic length of wzh- Which of the scales 
defines the wall width depends on the context, and var- 
ious definitions were proposed in the literature All 
of them, however, are based on the variation of the angle 
9{l) only and are not particularly suitable for the wall in 
question. The definition of the wall width based on the 
total wall fiux 

1 

WF ^ - m{l)sm9{l)dl (9) 

seems a viable suggestion. It describes contrast in Bitter 
pattern experiments And, since Q gives the inte- 



gral of the transverse component of magnetization in a 
wall, it serves as a qualitative measure of mistracking, 
and, hence, of the wall resistance. 

The fiux width of the wall is plotted in units of wbi 
as dashed line in Fig. [2l It changes from wbi for the 
limiting case of a pure Bloch domain wall to zero for 
a pure Zhirnov linear wall. Thus with the increase of 
the anisotropy, as the wall transforms into a linear one, 
the transverse component of magnetization in the wall 
diminishes, so the electron spin becomes less able to track 
the changing local exchange field when it traverses the 
wall, and the wall resistance increases. 

In a finite sample the structure of a domain wall is 
found from a minimum of the sum of the local free energy 
Q and of the non-local dipolar energy depending on the 
form of the sample. This is a highly non-trivial task even 
for the simple geometry of cylindrical wires with the easy 
axis along the wires used in A rough estimate of 

the importance of the dipolar energy is given by 27rM^ 
multipHed by the wall width compared to the surface 
tension of the wall. For a Bloch wall this leads to the 
usual "quality factor" criterion: if 27rAf^/K is less than 
unity, the dipolar interaction can be neglected, otherwise 
not. For a Zhirnov wall the ratio of the dipolar energy of 
the wall to its tension calculated by neglecting the dipolar 
contribution is 2ttM^ /\A\. Since in the Zhirnov regime 
1^1 -C K, this is a stricter requirement. So, we conclude, 
the magnetostatic energy does play a role in the form of 
the domain wall in finite samples in the regime close to 
the pure Hnear Zhirnov wall. However, this is a problem 
of the next level of complexity that has to be studied 
separately. 

To conclude, in an equilibrium domain wall in a bulk 
ferromagnet the magnetization is fiipped on the scale of 
the Bloch wall width. If the anisotropy is comparable or 
stronger than the magnetic energy the absolute value of 
magnetization in the region where it is fiipped is less than 
the value in the domains. The decrease in the absolute 
value occurs on the scale of the width of Zhirnov linear 
wall. This decrease diminishes the torque acting on the 
spin of an electron traversing the wall, impairs the ability 
of the electron spin to track the changing magnetization, 
and leads to a greater spin accumulation GMR effect, and 
thus to a greater wall resistance. This may contribute 
to the observed large magnetoresistance of domain walls 
in 35 nm Co nanowires yJl. A quantitative estimate 
of the effect is hindered by the absence of data on the 
Curie temperature of nanowires. Encouraging, though, is 
the absence of large magnetoresistance in slightly thicker 
wires of 50 nm in diameter which presumably have 
greater Tc. 

In the end of the paper, we show how a formal passing 
to the limit of pure Zhirnov wall may be done in the so- 
lution of 10. Zhirnov linear wall is realized in the limit 
wzh > Wbi- Then outside of the region of the inversion 
of 6*, \l\ < Wbi, the slow variation of m is still described 
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by 0. The non-trivial solutions with the boundary con- 
ditions m(±oo) = 1 are respectively 

m(0 = tanh^^^-^. (10) 

WZh 

The first term of 10 is non-zero only closer than wbi to 
the center of the wall. To describe the variation of m on 
the scale of wzh it may be substituted by a delta-function: 
cosh~^ {I / WBi) — > 26(1/ WBi)- Thus the two solutions ifTTijl 
need to be matched at the origin so that the derivative 
to(0) had a jump 

to(+0) - m(-0) = 4m(0). (11) 

Since for small Iq Eq. (jlOII gives to(0) w Iq/wzii and 
m(0) « ztl/wzh, condition (jllll corresponds to a choice 
of Iq = WB\/2. So the solution is given by 

m(0=tanh^^'/'^'^'. (12) 

On the scale of wzh one may neglect wbi/2 compared to 
|/|, and we finally have 

m(Z) = tanh|;|/u;zh. (13) 

The law of inversion © of the angle on the scale wzh 
is 

0{i) = TTe{i), (14) 

where 6(a;) is the Heaviside function. In a pure Zhirnov 
wall magnetization never leaves the easy axis and only 
changes its direction passing through zero. Hence the 
chosen parametrization of M by m, 9, and ip is not very 
convenient for such a transition. That's why an indirect 
procedure above was needed. 
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